Much and perhaps most of the genetic information in the genomes of higher organisms is concerned with quantitative traits. Inherited quantitative differences, determined by many genes, are responsible in large measure for the distinction of individuals in a population and from an evolutionary point of view are probably more significant than qualitative differences determined by single genes. Due to the complexity of the genetic basis of quantitative traits, there is little experimental evidence concerning their genic background and control. A biochemical phenotype, such as enzymatic activity, is less complex than a phenotype at the morphological level, presumably is controlled by fewer genes, and has fewer steps between the primary genetic events and the observed phenotypes. It has previously been suggested' that dopa oxidase activity in Drosophila melanogaster may be considered a quantitative trait and that analysis of this system may provide information about the control and regulation of inherited quantitative differences at a molecular level. The evidence now presented shows that dopa oxidase activity in Drosophila is indeed a quantitative trait and that there may be two mechanisms operative: major controlling genes and regulating factors. These findings are discussed in relation to phenomena in microorganisms where the activity of a single enzyme is controlled by a number of interdependent genetic variables.2-4
Much and perhaps most of the genetic information in the genomes of higher organisms is concerned with quantitative traits. Inherited quantitative differences, determined by many genes, are responsible in large measure for the distinction of individuals in a population and from an evolutionary point of view are probably more significant than qualitative differences determined by single genes. Due to the complexity of the genetic basis of quantitative traits, there is little experimental evidence concerning their genic background and control. A biochemical phenotype, such as enzymatic activity, is less complex than a phenotype at the morphological level, presumably is controlled by fewer genes, and has fewer steps between the primary genetic events and the observed phenotypes. It has previously been suggested' that dopa oxidase activity in Drosophila melanogaster may be considered a quantitative trait and that analysis of this system may provide information about the control and regulation of inherited quantitative differences at a molecular level. The evidence now presented shows that dopa oxidase activity in Drosophila is indeed a quantitative trait and that there may be two mechanisms operative: major controlling genes and regulating factors. These findings are discussed in relation to phenomena in microorganisms where the activity of a single enzyme is controlled by a number of interdependent genetic variables. [2] [3] [4] Materials and Methods.-The dopa oxidase activity recorded in Tables 1 and 2 was measured in extracts of progeny from multiple matings; all other measurements of enzymatic activity were made on extracts prepared from the progeny of single-pair matings. Activity in homogenates of twenty flies or more can be reliably assayed. Flies up to 24 hrs. old were collected, frozen and stored under liquid nitrogen up to five days before the extracts were prepared according to the procedure described elsewhere.' In the survey of common laboratory strains, length of lag period and time of half. maximum activity were determined from activation curves obtained by assaying samples of extract during the activation process at 20-minute intervals. In all other experiments, extracts were incubated until fully activated before samples were removed for assay. All values of dopa oxidase activity are reproducible to within 10 per cent and the values cited are mean values of successive determinations from different homogenates of the designated strain of flies.
Results.-Differences in activation rates and dopa oxidase activity among laboratory strains: Dopa oxidase is extracted from fly material in an inactive form complexed with another protein called "the activator." Following a lag period, the length of which is controlled in part by the concentration of initial free activator, activation proceeds by an autocatalytic process involving separation of activator and proen-78 zyme, the rate of which is a measure of the ratio of concentrations of activator and proenzyme.1' I, 6 Activation rates and activity were measured in a number of Drosophila wild type and mutant strains to determine (1) the ranges of activation rates and activity, (2) the possibility of demonstrating a modal level of enzymatic activity, which would be indicative of an adaptive value, (3) any correlation between level of enzyme activity and body color, since this enzyme plays a role in melanin formation, and (4) the presence of discrete biochemical mutants. The results shown in Table 1 reveal that the rates of activation and the maximum activities vary over a wide range. These data are from extracts prepared from female flies.7 The array of lag periods and the distribution of times of half-maximum activity reflect differences in the concentrations of initial unbound activator and proenzyme in the different strains. Since there is no correlation between maximum activity and the time of half-maximum activity or length of lag period, independent synthesis of the activator and proenzyme is inferred. Differences between extracts in inhibitor content affecting either the activation process or the activity of the enzyme were sought by mixing extracts both before and after activation, but in none of the cases tested were differences in degree of inhibition detected. The values characterizing the dopa oxidase systems are inherited; thus, it is possible to investigate the genetic variables controlling these systems. It is reasonable to assume from the sample of strains surveyed that level of enzymatic activity and length of lag period are continuously as well as independently distributed. Since a large modal class has not been found, it is concluded that there are no obvious indications that any specific level of enzymatic activity is advantageous to ffies raised under laboratory conditions. There is no correlation between body color and the level of dopa oxidase activity in extracts.
Interaction of genes controlling enzyme activity: To explore the possibility that the wide divergencies in in vit'ro activity are due to single gene differences, crosses were made in preliminary experiments between strains with marked differences. Since the wild type designations and mutant symbols used to designate the strains in Table 1 bear no relationship to the dopa oxidase systems, these strains will henceforth be designated as hi-or lo-according to their maximum enzyme activities. The -1i, lo-2, hi-i and hi-2 strains are Canton-S, pP, gIoe and Samarkand strains respectively. The strains used in the crosses are not the identical strains used in the survey but are derived from them. The results of the crosses shown in Table 2 In a similar manner, a low-activity line, lo-3 was simultaneously selected from the hi-2 strain. A similar program of selection for high and low activity was attempted with the lo-2 strain, but after three generations, no gains were made in either direction, and the lo-2 strain was regarded as operationally homogeneous with respect to the dopa oxidase system. The response to selection during the establishment of the hi-3 and lo-3 lines is shown in Figure 1 . The high-and low-activity lines were separated into two distinct populations after two generations.8 No gains were made by selection beyond the eighth generation. Analysis of strain differences: The three strains relatively homogeneous within themselves with respect to dopa oxidase activity (lo-2, lo-3, and hi-3) make it possible to investigate with greater precision genetic variables involved in control of level of activity. In vitro mixtures of these three lines show that the differences in activity are not due to the presence of extractable inhibitors in the low-activity strains. The results of crosses presented in Table 3 show that two distinct genetic mechanisms are operative in lo-2 and lo-3. Activity in progeny of crosses 12 and 13 is less than the geometric mean between that of the parents, whereas activity in progeny of crosses 14 and 15 is significantly higher than the geometric mean of the parental activities. Comparison of these results with those recorded in Table 2 shows that the lo-] and lo-3 genomes are similar to one another but that both differ from the lo-2 genome in the manner in which they interact with genes from the high-activity strains. In both experiments, crosses involving 1-2 parents give rise to heterozygotes whose activity is much higher than that expected on the basis of comparison with all other crosses. Furthermore, in crosses of lo-2 with the selected lines, activity in the heterozygotes is in the order of magnitude of that of the non-lo-2 parent, suggesting the possibility that lo2 is homozygous for a gene or genes recessive to the alleles present in the selected lines. Heterozygotes of the two low-activity strains, crosses 16 and 17, have greater activity than either of the parental strains, similar to the result noted in the preliminary experiments (cross 8, Table 2 ). The data presented in Table 3 also show that there are reciprocal dif- ferences in crosses where lo2 is a parental strain. Heterozygotes whose mothers are from the lo-2 strain have more dopa oxidase activity than do heterozygotes whose fathers are from the lo-2 strain.9
To test the hypothesis that 1o-2 is homozygous recessive at a locus or loci with an easily recognized effect on dopa oxidase activity, the appropriate crosses were made. Assuming tentatively that the level of enzyme activity characteristic of the lo-2 strain is due to a single locus and assigning the symbol a to designate this locus, homozygous a and heterozygous a individuals are expected in equal frequencies in a testcross. Among the progeny of a series of single-pair matings between the testcross progeny and the lo-2 strain, two populations are expected: in one, all individuals should be homozygous; in the other, half the individuals should be homozygous and half should be heterozygous for alpha. The results in Table 4A show that in crosses between lo-2 and hi-S, the progeny-tested testcross population falls into two distinct classes: one has the low activity characteristic of lo-2 and the second has a level of activity intermediate between that of the lo-2 and hi-3 strains. The progeny-test data presented in Table 4A are in reality the values of a second backcross generation (because dopa oxidase activity was. measured in the progeny produced by the first backcross generation crossed with the lo.2 strain); therefore, in the progeny assayed, 1/8 of the genes are derived from the hi-S strain and 7/8 of the genes are from the lo-2 strain. If the effects attributed to the assumed alpha locus are really due to two or more segregating loci, the probability is small that only the low value of 70 D. U. and the intermediate value of 460 D. U. would be observed in a 1:1 ratio in the progeny tests of the testcross population. The small variance observed further supports the interpretation of a single segregating locus. Although the possibility that the results are due to two or more closely linked genes has not been ruled out, it is concluded as most likely that the lo-2 strain is homozygous recessive at a locus determining dopa oxidase activity. To determine the chromosome on which alpha is located, homozygous alpha individuals were crossed with a balanced-marker strain, and the F, classes were assayed for dopa oxidase activity. The pertinent results, shown in Table 4B , demonstrate that alpha is on the second chromosome since the low activity characteristic of homozygous alpha is always associated with the non-marked second chromosome. There are no indications that the low activity is associated with a sex-linked factor or any combination of the marked and non-marked third chromosomes. This cross further shows that there are two other similar second chromosome factors which control dopa oxidase activity. One factor is associated with the second chromosome held intact by the Cy inversion, and the other is associated with the second chromosome marked by the Pm inversion. Although there is no evidence that these factors are allelic, if we tentatively assume a multiple allelic series and designate the alleles in the lo-2 strain, Cy chromosome, and Pm chromosome al, a2, and a3 respectively, the results could be explained by assuming that a 2 is dominant over a' and that both are recessive to a3. Selection experiments with the balanced-chromosome strain, Cy/Pm, have shown that the modifying factors separated by selection are not on the second chromosome.
Discussion.-The discovery that the level of dopa oxidase activity is controlled by genetic factors which can readily be followed during segregation as well as by genetic variables which can be demonstrated by a selection program involving single-pair brother-sister matings indicates a complexity involving perhaps two determining systems at the molecular level. An hypothesis compatible with the data is that the alpha locus is a factor controlling dopa oxidase synthesis, while genes in other chromosomes and the cellular environment are factors regulating the level of enzymatic activity attained.10 The term "controlling" is used to refer to factors which primarily determine qualitative aspects of the dopa oxidase molecule, and the term "regulating" refers to influences which determine quantitative aspects of enzyme activity. This hypothesis does not imply that the alpha locus is the only controlling locus in the genome.
In the lo-2 strain, homozygous alpha could exert a limiting influence on dopa oxidase activity, so that the regulating factors have no effect. This would account for the lack of variability in this strain. That 1o2 contains genes that can modify the level of dopa oxidase activity seems probable from the results of the crosses of lo-2 with other low-activity strains where the heterozygote has more activity than the parents. Since mixing experiments do not support the interpretation of molecular complementation, the results indicate that lo-2 has probably contributed modifiers to the heterozygote which determine increased enzyme activity. Furthermore, in every case where homozygous alpha is placed in genetic backgrounds other than the lo-2 strain, there is an accompanying lack of variability. In to-1, the level of dopa oxidase activity is of the same order of magnitude as that in 1-2. Experience with lo-1, however, indicates the presence of intra-strain variability, though less of it than in other unselected lines. In the lo-3 line, derived by selection, the level of dopa oxidase activity is greater than that in the other low-activity lines investigated. Although there is no proof that selection operated on quantitative and not qualitative aspects of the enzyme system during the establishment of the hi-3 and lo-3 lines, experiments testing the heat stability and substrate profiles of the enzyme from the two lines do not indicate qualitative differences. Presumably, therefore, most of the controlling factors in the 1o-3 line are the same as in the hi-3 line, and the two strains differ only in their respective regulating genes.
Of great interest in this investigation is the observation that the alpha locus may be different in each of the three cases where it has been tested. Not enough chromosomes have been tested yet to warrant meaningful conclusions, but the possibility exists that there is a large number of alleles at this locus.
Most of the progress that has been made in recent years in our understanding of the genetic control of enzyme activity is due primarily to experiments with microorganisms. Although it is tempting to believe that the emerging concept of the genetic control of enzyme activity is similar for all enzymes and in all living systems, evidence for such generalizations is lacking, and it is therefore of interest to relate the present study to enzyme systems studied in microorganisms. It must be noted that the comparisons are made between microbial studies which are based on purified enzyme preparations where protein synthesis has been measu ed, while this Drosophila study is based on enzymatic activity in crude extracts. In bacteria, enzymatic activity has in some cases been shown to be determined by interactions at a secondary level rather than by the primary action of a single genes2 and it is possible that in higher levels of organization, like Drosophila, interdependencies of a higher order of reactivity may be involved in determining enzyme activity. Although it is not possible at this time to determine the number of genes in Drosophila that control dopa oxidase synthesis and regulate its activity, a minimum number can be estimated. The present study, except for some data on the activation process of dopa oxidase presented with the survey of laboratory strains, is confined to measurement of maximum activity, which is a measure of the amount of proenzyme produced. There is reason to believe that systems of genes exist which control and regulate the activity of the activator and also that there are genes that control and regulate an enzyme that activates the activator. Demonstration of these in the Drosophila genome would be of significance from a genetic and evolutionary point of view. Excluding such genes, which have not yet been demonstrated experimentally, and focusing attention only upon the selection experiment, it is likely that the results are due to at least two modifying factors. Thus, there must be at least three genes in Drosophila involved in dopa oxidase activity; at least two are modifying factors and one is a controlling factor. The modifying factors may determine the level of enzymatic activity through some regulating mechanism such as induction or repression. The sex differences and the reciprocal cross differences may be due to cytoplasmic inducers or repressors. Within this framework, the genetic control of dopa oxidase in Drosophila is similar to that of tyrosinase in Neurospora,4 where one locus was found which controls the structural aspects of the enzyme molecule and two other loci were discovered which play a regulative role in quantitative aspects of enzyme synthesis. As in Neurospora, so too in Drosophila, the genes which affect the same enzyme system are not closely associated on the genetic map. In contrast, in E. coli the i, o, z, and y loci, which control and regulate ,8-galactosidase, are very closely linked.2' 3 An important difference between the tyrosinase system in Neurospora and the dopa oxidase system in Drosophila is that in the former tyrosinase is found as an active enzyme while in the latter dopa oxidase is extractable only in a complexed zymogen form and must be activated by another enzyme. This suggests that in Drosophila the enzyme system may be more complex and may be subject to a more intricate genetic control. This would be of interest from an evolutionary point of view. As a general rule, the amount of DNA and presumably the number of genes per cell is not correlated with phylogenetic status. It is reasonable to explain the higher degree of complexity in highly differentiated animals as compared to bacteria or fungi by assuming a greater degree of interdependency of gene products. In other words, it can be speculated that the higher degree of organization encountered in highly differentiated animals is actuated through a higher degree of pleiotropy and a higher degree of multiple-factor inheritance. If these suggestions are valid, the observed differences between the specific enzyme systems being compared here in Drosophila and Neurospora may have come about by natural selection operating less on autonomously acting genes and more on networks of genes during the course of evolution. This is compatible with the view that mutation and selection are the principle means of maintaining genetic variability in bacteria and fungi, while at higher levels of organization, genetic recombination is the important method of maintaining variability and at the same time serves as a mechanism for preserving networks of genes in a population. Thus, it is plausible to assume that a character at the biochemical level can become influenced by a large number of genes during evolution just like multigenically determined traits at the morphological level.
Summary.-The genetic control of dopa oxidase activity in Drosophila has been found to be multigenic. The results of genetic experiments are compatible with the hypothesis that there is a controlling factor located on the second chromosome and that there are at least two other factors present in the genome which regulate the level of dopa oxidase activity.
